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In a core-collapse supernova, after the explosion is launched, neutrino heating above the pro-
toneutron star creates an outflow of matter. This outflow has been extensively investigated as a
nucleosynthesis site. Here, we revisit this problem motivated by the modeling of neutrino flavor
transformations. In this case, it is crucial to understand whether the outflow has a termination
shock: its existence observably alters neutrino oscillations a few seconds into the explosion. We de-
rive physical criteria for the formation of this shock, in terms of neutrino luminosity, average energy,
protoneutron star radius and mass, and the postshock density. For realistic physical conditions, the
system is found to be on the edge of shock formation, thus reconciling seemingly disparate numerical
results in the literature. Our findings imply that neutrino signatures of modulated matter effects
are a sensitive probe of the inner workings of the supernova.
Introduction .— The mechanism of core-collapse su-
pernova explosions has been intensely investigated for
over six decades [1–6]. Simulations agree that the shock
front at first stalls at the radius of several hundred kilo-
meters. If the explosion is to form a neutron star, the
shock must be revived within a second, cutting off ac-
cretion, which would otherwise continue, forming a black
hole. It is believed that the revival is driven by neu-
trinos streaming out of the nascent protoneutron star
(PNS) [7, 8]. Some of these neutrinos deposit energy
just above the PNS surface, in the so-called gain re-
gion [9], from where it is then convected throughout the
post-shock region [10]. The full problem at this stage
involves three-dimensional hydrodynamics and neutrino
transport, giving rise to some of the most sophisticated
and resource-intensive supercomputing calculations in
the world [11–15].
To test this picture, it is essential to obtain direct ex-
perimental information on the evolution of the matter
profile around the PNS during the crucial first several
seconds after the shock is revived. Since the region of
interest is shrouded by the stellar envelope, it cannot
be directly observed in photons. The task thus falls to
neutrinos (and also, potentially, gravitational waves). In
the era of large detectors, such as DUNE and Hyper-
Kamiokande, it becomes very important to identify the
relevant signatures in the neutrino signal and to establish
a quantitative connection between them and the physical
conditions inside the exploding star.
It has been known for several decades that the density
profile in the envelope of the star might leave imprints
in the neutrino signal by flavor oscillations. Specifically
of interest here is the time-dependent modulation of the
MSW effect [16, 17] by the explosion [18].
The so-called MSW resonance operates at densities
where the matter potential is comparable to the vacuum
splitting between a pair of mass eigenstates. In a super-
nova, there are two resonant densities, of order 103 g/cm3
and 101 g/cm3 [19], corresponding to the two splittings in
the neutrino mass-squared spectrum, ∆m2. The outcome
of the transformations depends on the rate with which
the density changes in the resonant layers. When the
density scale height is much larger than the relevant neu-
trino oscillation length, the evolution is adiabatic. This is
observed to happen for solar neutrinos [20–22], and also
expected to be the case in a typical iron-core-collapse
supernova at the onset of the explosion.
A few seconds into the explosion, however, the situa-
tion changes. First, when the expanding front shock rolls
through the layer with densities ∼ 103 g/cm3, the profile
there becomes effectively discontinuous [18] and the fla-
vor evolution nonadiabatic. Just as important, however,
is the density distribution behind the shock front [23].
There, a low-density region is formed, known as the hot
bubble [18, 24]. Density features in and around the hot
bubble, such as shocks and turbulence can have a great
impact on the evolution of neutrino flavor [23, 25].
The hot bubble is created by a high-entropy mate-
rial that emanates from the PNS surface due to neu-
trino heating there. The existence of this outflow at the
late stages of the explosion is investigated in the seminal
1986 work by Duncan, Shapiro and Wasserman [26] and
has been elaborated on in [27–30]. It has been actively
studied in the context of the nucleosynthesis calculations
[27–37], including possible sterile neutrino effects [38–41].
So far, all this is well known. Yet, in connecting the
physical properties of the outflow to the neutrino signal,
a number of questions, requiring multi-disciplinary anal-
ysis, remain open. In this letter, we will derive the con-
dition for the existence of the outflow termination shock
in the hot bubble and explore some of its consequences.
Wind termination shock .— To set up the problem,
let us consider the density profile a few seconds into the
explosion. Fig. 1 shows, schematically, two physical pos-
sibilities for this profile. The Figure is inspired by the
simulation results in [32, 42], but with the relevant phys-
ical features intentionally emphasized. The blue curves
depict density while the red ones show the corresponding
entropy per baryon.
In both cases, the front shock is seen at 3 × 104 km,
beyond which the profile is still that of the progenitor
star, parameterized as a power law of the radius. Nona-
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2FIG. 1. Two possible profile types several seconds into the
explosion: with (top panel) and without (bottom panel) the
outflow termination shock. Shown are density (ρ) and en-
tropy per baryon (S). The horizontal color bands indicate
the ranges of densities where the MSW resonance occurs for
the atmospheric ∆m2atm (green) and solar ∆m
2
 (orange) neu-
trino mass splittings.
diabatic compression by the passing shock causes a jump
in entropy, seen at the front shock location. The material
in the density “bump” is moving outward.
The focus of this discussion is on the post-shock re-
gion, where behind the “bump” we see the high-entropy
bubble occupying r . 2× 104 km. This entropy is gener-
ated by neutrino heating close to the PNS and carried by
the out-flowing material into the bulk of the bubble. The
outflow then runs into the “bump” and the panels illus-
trate two possible regimes how this can happen. In the
top case, the outflow first reaches supersonic speeds and
then experiences a termination shock, causing a density
jump and additional entropy generation. In the bottom
panel, the outflow remains subsonic and smoothly flows
into the back of the “bump”. The supersonic outflow is
traditionally called a “neutrino-driven wind”, while the
subsonic case is often referred to as a “breeze”.
Neutrino flavor transformations occur primarily at the
MSW resonant matter densities, indicated in Fig. 1 by
the horizontal colored bands. The shock fronts are dis-
continuities where flavor evolution is completely nona-
diabatic1. In the bottom panel, the front shock is the
only sharp feature in the resonant density range. In the
top panel, the termination shock creates another such
feature, changing the outcome of the flavor oscillations.
At first sight, to understand the properties of the ter-
mination shock, one should simply consult the available
numerical simulations. Here is where the story gets in-
teresting, however. In some publications, the termination
shock is very prominent and easily the first feature to hit
the resonant densities, e.g. [23, 32]. In others, however,
it is altogether absent and the profile in the hot bubble
is smooth [18]. The profiles of [18] refer to the numerical
simulations by the Livermore group (Wilson and Mayle).
These are illustrated in Fig. 5 of [24] and are supported
by further numerical work in [43]. A particularly inter-
esting case is [42], where, in the simulation of a 10.8 M
progenitor, the termination shock makes an intermittent
appearance as the explosion develops.
How can one understand this behavior? Are the dif-
ferences due to different numerical treatments, or are all
these results correct and consistent—which would have
far-reaching implications? A concrete analytical criterion
is required to resolve this question. To this end, we turn
to (semi-)analytical studies of neutrino-driven outflows.
Termination shock: a semi-analytical model .—
The analytical treatment of the outflow problem in spher-
ical symmetry is based on a study of a system of ordi-
nary differential equations. The physics of interest lies in
the regime in which pressure and entropy are dominated
by radiation, while gravity is dominated by the baryonic
mass. The region also lies outside of the neutrinosphere,
where the gravitational potential is small, so that one can
reasonably use Newtonian gravity.
For a steady-state configuration, acceleration in the
Eulerian picture is given by the material derivative
v(dv/dr). Given pressure P , density ρ, mass loss rate
M˙ , and entropy density (4/3)aT 3, one has [26, 27]
ρv
dv
dr
= −dP
dr
− GMρ
r2
, (1)
4pir2ρv = M˙, (2)
d[4pir2v(4aT 3/3)]
dr
=
4pir2ρq˙
T
. (3)
In the literature, these equations are often cast in dif-
ferent, equivalent forms, for example, Eqs. (24-26) of [27],
or Eqs. (9-11) of [26], with vanishing photon luminosity.
The specific energy deposition rate q˙ has three main
contributions [27]: (eN) cooling due to neutrino emis-
sion in e−/e+ absorption on nucleons; (e+e−) cooling due
1 The density change between the low-entropy and high-entropy re-
gions (labeled ρPS and ρf in the top panel), the so-called contact
discontinuity, is also of interest for neutrino transformations. De-
tailed analysis shows that this feature is physically distinct from
the shocks, thanks to hydrodynamic instabilities that wash out
its surface [23]. The resulting turbulent region can have distinct
neutrino signatures [25].
3to neutrino emission in e−e+ annihilation; and, finally,
(νN) heating due to neutrino/antineutrino absorption on
nucleons in the medium. Once the temperature drops be-
low T ∼ 0.5 MeV, nucleons combine into Helium-4, which
shuts off the heating. Beyond that radius, entropy per
baryon S is conserved along the outflow (cf. Fig. 1).
While the equations are simple, the physical context
and the resulting numerical treatment involve some sub-
tlety. The key question is which boundary conditions
(b.c.) should be imposed? The system of three equations
requires three b.c. Two of them are the initial (small-r) T
and S, but what is the third one? Sometimes, it is stated
that the third b.c. is the mass loss rate M˙ . Yet, physi-
cally, M˙ is a derived quantity. There must be something
in the problem that dictates when one obtains a breeze
or a wind and the resulting value of M˙ .
The subject starts in Ref. [26], which solves the prob-
lem following the standard approach for stellar winds
(cf. [44]). Namely, [26] iterates the location and physical
conditions at the sonic point (where the outflow speed
equals the speed of sound). The equations are solved
first inward, to match the conditions at the surface of
the PNS, and then from the sonic point to infinity. This
framework thus presupposes that the outflow reaches su-
personic speeds. A conceptually similar approach, with
different numerical implementation, is followed in [28].
Other studies, such as [27] and [29], in addition to the
method of [26], also considered imposing boundary pres-
sure (T ∼ 0.1 MeV) at large radii (∼ 104 km). With
this, they obtained subsonic outflows, and M˙ values that
were somewhat lower than those of the wind solution.
The consistency of the different approaches has been
debated in [28, 30]. For the purposes of the r-process nu-
cleosynthesis, however, the practical applications of the
two approaches were not that different. The reason is
that the early parts of the outflow, where the proton-to-
neutron ratio is set, turn out to be sufficiently similar in
the two cases. Thus, the question of the eventual termi-
nation shock could be sidestepped. However, the issue of
which method to use, when one does not a priori know
if the solution is a wind or a breeze, remains open. As
we have already discussed, the problem of neutrino flavor
evolution brings it back into sharp focus.
The answer is that the third physical b.c. is always
the pressure at large radii, in the post-front-shock re-
gion. But how the system is to be solved depends on
the value of this pressure. When this pressure is suffi-
ciently high, the system can be solved by “shooting” the
initial velocity of the outflow, or equivalently, M˙ . For
sufficiently small far pressures, however, the algorithm is
different: one first builds the wind solution that expands
into empty space at infinity. One then shoots the location
of the termination shock, Rts, to match the far pressure
b.c. The density (velocity) jump at Rts is given by
v2/v1 = ρ1/ρ2 = (2T1S1/mN + v
2
1)/(7v
2
1), (4)
where v1, T1, and S1 are pre-shock quantities and there-
fore are taken from the wind solution at point Rts.
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FIG. 2. Formation of the shock as a function of density,
ρf , at large radius, 10
9 cm. The panels show the profiles of
speed and density of the outflow as ρf is varied. Termination
shocks start to form as ρf falls below ρf,crit.
With this procedure, we obtain a family of solutions for
a range of physically plausible values for the final density
ρf , imposed at 10
4 km. We fix neutrino luminosity L =
8 × 1051 erg/s, average energy  = 20 MeV, the mass of
the PNS,M = 1.4M, and the gain (starting) radiusR =
20 km [42]. The results are plotted in Fig. 2. The curves
for r < 104 km are outputs of the calculation. They are
matched to profiles for r > 104 km of the front shock
moving through the progenitor profile. At the contact
discontinuity, pressure equality is imposed.
We see that gradual adjustment of ρf can trigger a
qualitative change in the nature of the outflow. For large
far densities, we obtain a family of smooth curves. These
curves are completely subsonic and the entire flow re-
mains causally connected. As the far density is reduced,
the velocity curve develops a cusp at r ∼ 500 km, where
the derivative changes discontinuously. This mathemati-
cally singular behavior occurs at the sonic point and has
a physical origin: the information about the b.c. at large
radius now travels inward only up to the sonic point.
As ρf is decreased further, the jump in the derivative
becomes the jump in the function itself: a shock front
develops. The causal information about the large-r b.c.
now travels only up to the shock location; the pre-shock
part of the outflow “believes” it is expanding into empty
space and is thus universal. For the lowest far density
considered in Fig. 2, 800 g/cm3, the shock is located at
4000 km, and the density jump is ρ2/ρ1 ' 4.4. For van-
ishingly small far pressures, the shock radius grows with-
40 20 40 60 80 100
Energy (MeV)
0
100
200
300
400
In
te
gr
at
ed
 e
ve
nt
 n
um
be
r p
er
 M
eV
Without Termination Shock
With Termination Shock
FIG. 3. Number of events expected between 2.2 and 3.2 s in
a 40 kton liquid argon detector, from a supernova at 3 kpc,
with (dashed) and without (solid) the termination shock.
out bound, while the density jump reaches its limiting
value for relativistic shocks, (γ+1)/(γ−1) = 7, with the
polytropic index γ = 4/3.
Let us return to the curve with a cusp, which sepa-
rates the subsonic and supersonic phases of the outflow.
By analogy with hydrodynamics of nozzle flows [45, 46],
one can call it the critical curve and the corresponding
far density the critical density, ρf,crit. By iterating the
parameters of the problem—L, , M , and R—we discover
that ρf,crit obeys the following relation:
ρf,crit ∝ L2.69M−4R0.95.1. (5)
Importantly, this scaling law can be understood analyti-
cally, as will be discussed in detail elsewhere,
ρf,crit ∝ L8/316/3R2/3M−4. (6)
The most remarkable aspect of Fig. 2 is that the out-
flow in a supernova is near-critical. Indeed, for L =
8× 1051 erg/s, R = 20 km,  = 20 MeV and M = 1.4M
we find that the critical density is ρf,crit = 3.2 × 103
gm/cm3, which is within the right order of magnitude
for the post-shock conditions several seconds into the ex-
plosion of an ∼ 11M progenitor (cf. [32, 42]).
Conversely, for a fixed far density, the outflow can de-
velop a termination shock by increasing neutrino heating.
As an example, in Fig. 1, the top panel was obtained from
the bottom one by increasing the average neutrino energy
from 20 MeV to 25.3 MeV (keeping L = 5× 1051 erg/s).
This near-critical nature makes supernova outflows
quite distinct from many other astrophysical systems
with winds, such as solar winds [44] or pulsar wind neb-
ulae [47]. In those other cases, the outflows reach super-
sonic speeds well before they run into interstellar matter.
We can now reconcile the seemingly disparate numer-
ical results in the literature. Ref. [32], which uses high
heating rates, obtains very robust shocks. Ref. [18] does
not have termination shocks because the simulations of
the Livermore group used a heavy, 20M, progenitor (see
Fig. 5 in [24]), with concomitantly high density in the
post-shock region. Ref. [42] also has no termination shock
for a 18M progenitor, while, for a 10.8M progenitor,
a termination shock appears for t = 3 s. Using our re-
sults in Fig. 2, we estimate that for heating rates similar
to Ref. [42], the boundary between progenitors that de-
velop termination shocks at t = 2 − 3 s and those that
do not lies around 12M. This estimate needs to be
investigated with detailed numerical simulations.
We also stress that the shock properties can be time-
dependent [42]. This is explained by the interplay of
the evolving neutrino luminosities and post-shock den-
sity. As the critical condition is crossed, the shock ap-
pears at the sonic point and moves out, or travels back-
wards towards the sonic point and disappears. This
phenomenon is physically distinct from a reverse shock,
which is caused by the front shock hitting a density fea-
ture in the progenitor profile [48] and a detailed analysis
is required [49, 50]. Thus, it is essential to extend numer-
ical simulations [11, 13, 15, 51–53], which are often cut
off at 1-2 s, to the entire duration of the neutrino signal.
Neutrino signatures.— The overall conclusion of
this analysis is that the existence and properties of the
termination shock offer a sensitive probe of the physical
conditions inside the exploding star. What are the cor-
responding neutrino signatures of this physics? Fig. 3
shows two spectra that could be observed in the DUNE-
like 40 kt liquid argon detector, with and without the
termination shock, for profiles from [32]. The oscilla-
tion calculation includes 3-flavor matter effects as well
as collective neutrino oscillations [54] computed in multi-
energy, multi-angle, spherically symmetric approach [55].
Normal mass hierarchy is assumed, as seems to be fa-
vored by the latest oscillation data from T2K [56, 57]
and NOvA experiments [58, 59], as reflected in global fits
[60, 61]. The signal is simulated using the SNOwGLoBES
[62] package and integrated from 2.2 to 3.2 seconds. The
Figure shows that the impact of the shock on the de-
tectable signal could have 5-sigma statistical significance
for a source at 3 kpc. Details of the calculations and the
analysis strategies will be discussed elsewhere.
Conclusions.— We demonstrated that the formation
and properties of the termination shock at the end of
the neutrino-driven outflow inside an exploding super-
nova are sensitive to the physical conditions that exist
inside a core-collapse supernova several seconds into the
explosion. While the shockwave and the central engine
are shrouded from the outside by the stellar envelope,
pronounced signatures of the termination shock are im-
printed in the neutrino signal. These signatures open
up additional physics opportunities for the upcoming
large detectors, such as DUNE. We hope that our semi-
analytical results on the shock physics can be supported
and improved with detailed numerical simulations, and
also applied to other environments, such as binary merg-
ers [63–65].
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8Appendix 1 .—
Table I shows the values of neutrino outflow parameters as the far boundary condition, Tf , is varied and L, , M ,
and R are held fixed to their values in the caption. Values of the final density, ρf , entropy Sf and density jump across
the shock, ρ2/ρ1 are also presented. It can be seen that the first six rows do not have any entries for the termination
shock radius (Rts) and the Shock jump factor (ρ2/ρ1). This is because, in all these cases, the flow is subsonic. The
critical solution has density ρf ' 3.2× 103 gm/cm3, temperature T ' 0.0665 MeV and entropy Sf ' 48.13. Note that
this density ρf is the density at the far boundary radius 10
4 km before the contact discontinuity in the high entropy
region.
Note that, strictly speaking, the critical parameter is temperature, which is directly related to the far pressure
boundary condition. It can be converted to critical density assuming the typical values of S ∼ 50, as done for brevity
in the main text. The critical temperature depends on the parameters of the problem as follows (cf. Eq. 5):
Tcrit ' 0.0665 MeV
(
L
8× 1051 erg/s
)0.9 ( 
20 MeV
)1.7( M
1.4M
)−1.33(
R
20 km
)0.3
. (7)
Tf (MeV) Rts(10
2 km) ρf (10
3 gm/cm3) Sf Shock jump factor (ρ2/ρ1)
1 0.18 – 58.54 52.88 –
2 0.16 – 39.9 50.59 –
3 0.11 – 12.10 48.61 –
4 0.068 – 3.40 48.22 –
5 0.068 – 3.23 48.21 –
6 0.0665 – 3.20 48.19 –
7 0.0664 5.5 3.20 48.13 1.13
8 0.0661 6.5 3.18 48.13 1.24
9 0.0658 7.5 3.08 48.37 1.46
10 0.0653 8.5 2.99 48.56 1.67
11 0.0648 10.5 2.87 49.44 2.04
12 0.062 13.5 2.45 50.98 2.50
13 0.057 20.0 1.82 55.57 3.25
14 0.051 30.0 1.17 61.85 3.93
15 0.047 40.0 0.806 67.87 4.38
TABLE I. Table of values for the termination shock radius Rts vs. far-end temperature (Tf ) boundary conditions. Final density
(ρf ), entropy per baryon (Sf ) and the shock jump factor (ρ2/ρ1) are also shown. The following parameters are held fixed: Lν¯e
= 8 × 1051 erg/s,  = 20 MeV, R = 20 km, M = 1.4 M. Empty entries imply that for those sets of boundary conditions,
there is no termination shock formation.
Appendix 2 .—
Fig. 4 shows an extended version of Fig. 2 in the main text, with the four panels depicting the profiles of the speed
(v), entropy (S), temperature (T ) and density (ρ) of the neutrino-driven outflows as the far boundary condition Tf
is varied. For completeness, the input parameters used for the simulation are Lνe = 8 × 1051 erg/s,  = 20 MeV, M
= 1.4 M and R = 20 km.
The top panel and the bottom panels are the same ones as in Fig. 2. The second panel shows the evolution of
S. Additional entropy generation at the termination shock is clearly visible. This entropy generation is expected at
termination shocks. Its possible impact on the r-process nucleosynthesis has been investigated in [32].
The third panel shows the evolution of temperature (T ) for both subsonic flows and flows with termination shocks.
Since the pressure is dominated by radiation, the temperature is also a proxy for pressure, P ∝ T 4. This panel thus
illustrates pressure matching at our prescribed far boundary of 104 km to the pressure of the “bump” indicated with
the vertical dashed line. The existence of the critical temperature (Tcrit), separating breese and wind solutions is
clearly visible.
Comparison of the third and fourth panels shows that the density profile has additional features compared to the
temperature profile, indicating the presence of layers with different entropies per baryon. The boundary condition for
density ρf can be obtained from far boundary pressure (∝ T 4) by assuming S ∼ 50.
The mass of the progenitor for which the critical curve is achieved is roughly estimated to be ∼ 12 M in this
calculation. The exact value of the progenitor mass above which termination shocks will not form will depend on L,
9, M and R. If L is extremely high, termination shocks can form in higher mass progenitors of M ∼ 15M as has
already been seen in numerical simulations [32].
We emphasize that the outflows in the supernova are found to be near critical, that is, on the edge of forming the
shocks for typical conditions that are present several seconds into the explosion. We hope that the novel scaling law
derived in this paper can find applications to other astrophysical environments, such as binary mergers where the
conditions are inherently anisotropic.
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FIG. 4. Formation of the shock as a function of temperature at large radius. The four panels show the evolution of speed,
entropy, temperature and density of the outflow as the far temperature b.c is varied. It is clear that there exists a Tf,crit below
which termination shocks start to form.
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Appendix 3 .—
As described in the main text, by numerically solving Eqs. (1), (2) and (3) on a grid of points, we established the
dependence of the critical far density on the physical parameters of the problem: L, , M , and R. Here, we give a
illustration of this process. Fixing the starting radius to R = 20 km and the average neutrino energy to  = 20 MeV,
we explore the relationship between luminosity and density at criticality. The results are shown in Fig. 5, where the
points show numerically determined critical parameters and the lines show the inferred power law fit. The quality of
the fit given in Eq. (5) in the main text and Eq. (7) in Appendix 1 is apparent. The two sets of points correspond to
the values of M = 1.4M and M = 2.0M.
For luminosity values below the critical points, the solution is subsonic, while above it is supersonic, with a termi-
nation shock.
The power law can also be understood analytically, as will be discussed in detail in a followup paper.
Subsonic
FIG. 5. Critical luminosity vs. far end density (ρPS). Below the critical values, the outflow solutions are subsonic while above
it, the solutions are supersonic and forms termination shocks. The points show numerically determined critical parameters and
the lines show the inferred power law fit. The two sets of points illustrate the dependence on the PNS mass values.
